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ABSTRACT 
 
Assessment of Silt Density Index (SDI) as Fouling Propensity  
Parameter in Reverse Osmosis Desalination 
 
Rinaldi Medali Rachman 
 
 
 
 
Reverse osmosis operations are facing persistent fouling phenomenon that has challenged 
the integrity of these processes. Prediction of fouling potential by measuring a fouling index 
toward feed water is essential to ensure robust operation. Moreover, employing a reliable 
fouling index with good reproducibility and precision is necessary. Silt density index (SDI) 
is considered insufficient in terms of reliability and empirical theory, among other 
limitations. Nevertheless due its simplicity, SDI measurement is utilized extensively in RO 
desalination systems. The aim of this research is to assess the reliability of SDI. Methods 
include the investigation of different SDI membranes and study of the nature of the SDI 
filtration. Results demonstrate the existence of the membrane properties' variation within 
manufacturers, which then causes a lack of accuracy in fouling risk estimation. The nature 
of particles during SDI filtration provides information that particle concentration and size 
play a significant role on SDI quantification with substantial representation given by particles 
with size close to membrane nominal pore size. Moreover, turbidity assisted SDI 
measurements along with determination of UF pretreated and clean water fouling potential, 
establishes the indication of non-fouling related phenomena involved on SDI measurement 
such as a natural organic matter adsorption and hydrodynamic condition that alters during 
filtration. Additionally, it was found that the latter affects the sensitivity of SDI by being 
represented by some portions of SDI value.  
 
 
Keywords: Reverse Osmosis, Fouling index, Particulate Fouling, Silt Density Index (SDI), 
and Assessment of SDI.
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Chapter I  
Introduction  
 
Water shortage is one of the substantial challenges in today's world. Natural fresh water 
preserves are incapable of meeting increasing demands. Production to address this shortage 
is incommensurate with consumption which increases due to population growth and 
industrialization. Desalination, the artificial technique to remove salt from sea or brackish 
water, has become a preferable technical method to produce fresh water, particularly in the 
arid and semi-arid regions such as the Middle East where seawater becomes the main water 
source. By the end of 2010, the global desalination capacity reached up to 65.5 million 
m3/day with significant trend demonstrating growth since 1965 as shown in Figure I.1 [1]. 
This global water production is forecasted to increase by 42% from 2010 to 2015 and 
specifically in the Gulf region, estimated growth is 29% [2]. 
 
Figure ‎I.1 Global cumulative desalination capacity, 1965-2010 [1] 
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Thermal-based and membrane-based desalination development technologies have 
progressed over the last 40-60 years[3]. Presently, membrane-based processes contribute to 
63.6% of global production capacity and 34.8% come from thermal-based processes (Figure 
I.2a). Seawater is the main feed water for desalination with 60% usage followed by brackish 
water (21.5%) and the remaining are from surface water and wastewater (Figure I.2b). 
 
Figure ‎I.2 a Left and b Right: Installed desalination capacity by technology and feed water type [1] 
Reverse osmosis (RO), as part of membrane-based technologies, has found its niche 
as a primary method of water desalination for potable water production over thermal 
technologies. This is the result of the reduction in the cost of RO to as low as half to one-
third of the cost of distillation[4]. Advancement of the RO processes (e.g., pretreatment 
options, low chemical consumption, energy recovery options, and reduction of 
environmental risk) transforms RO to a mature technology of desalination [5, 6]. 
Unfortunately, the operation of RO faces persistent fouling phenomenon that challenge the 
integrity of the process system.  
Critical fouling occurrences on RO membranes include scaling, particulate fouling, 
organic fouling, and biofouling [7, 8]. Such incidents of fouling will lead to performance loss, 
target product realization failure, and unforeseen additional costs of operation and 
maintenance (e.g., for chemical cleaning and membrane module replacement) [9]. Therefore, 
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controlling the membrane fouling is a crucial procedure to ensure robust performance of 
RO plants. Moreover, identification of the foulant type through membrane autopsy provide 
support knowledge to overcome the operational problems (e.g., implementing strategic 
pretreatment options and/or system cleaning schemes) [6]. 
The pretreatment processes subsequent to RO filtration clearly are crucial step to 
provide high quality feed water, having low fouling potential for the RO system. 
Pretreatment trends have shifted from conventional methods (coagulation, flocculation, and 
media filtration) to advanced membrane-based pretreatment utilizing low pressure 
membrane processes (MF and/or UF). Moreover, the latter method delivers better quality of 
feed water [10-21]. In addition, state-of-the-art low-pressure membrane pretreatment 
provides lower fouling rates. These  result in lower energy consumption, cleaning frequency 
reduction, a smaller foot-print, and an easier installation provided by a modular unit and 
longer life of RO membranes [18]. 
A fouling evaluation tool is required to monitor the efficiency of the pretreatment 
processes and to determine the feed water fouling potential. Precise prediction of the fouling 
potential by a fouling index is critical to ensure the steady operation of an RO desalination 
plant. In addition, failure in the determination of a fouling index of feed water jeopardizes 
the whole operation by letting the fouling phenomena taking place on the system. Thus, 
employing a reliable fouling index, in terms of good reproducibility and precision, to analyze 
the fouling tendency of pretreatment effluent for RO feed system is a necessity. 
  
14 
 
 
 
I.1 Objectives 
In accordance with the preceding statement, the assessment of the silt density index as a 
fouling propensity parameter of RO desalination in terms of its reliability is presented in this 
work. 
 Silt density index (SDI) is the most widely used fouling potential determination tool 
for RO feed water. SDI was developed in 1970 by a membrane manufacturer to specify the 
quality of their product. Today, most membrane manufacturers trust SDI as the sole 
determinant of membrane performance. SDI assesses the amount of the particulate 
contaminants in a water sample and represents them through the membrane plugging rate by 
filtration across a microfiltration membrane. Filtration is conducted at a 30 psi constant 
pressure for 15 minutes and a brief calculation follows the experiment. This fact makes SDI 
measurement a convenient, simple, and brief practice to be performed routinely by plant 
operators even without special training. The aforementioned statements are some of the 
advantages that keep SDI the fouling index of choice for most RO facilities.   
 There are efforts being put into place to develop the fouling index such that it 
overcomes the drawback of SDI. The first drawback is the lack of a correlation to the 
particulate concentration in a water sample. The second drawback is the absence of a 
filtration mechanism theory behind the calculation that leads to an inability to predict the 
fouling rate of an RO system. The lack of agreement between RO and SDI filtration 
hydrodynamic characteristics makes the plugging rate of both membranes incomparable to 
conclude both fouling events. Furthermore, several cases of the unexpected results of SDI 
have been reported, which essentially misleads the recognition of a feed water fouling 
potential level. 
15 
 
 
 
 The first case is the reproducibility of SDI results that have been found to be 
precision deficient. SDI values for the same water sample can be varied because of 
measurement practices by the operator [22]. SDI apparatus/kit has been confirmed to give 
some variation in the value of SDI for the same kind of water [22, 23]. Microfiltration 
membranes, which are important part of SDI practice, also fail to give the precise value of 
SDI when the measurements are conducted with membrane variation [24]. In this work, 
precision of SDI values in regard to a microfiltration membrane variation will be analyzed. 
Furthermore, SDI values obtained from a few separate and distinct membranes will be 
discussed according to the properties of the membrane filter. 
 The second unexpected case is the measurement of SDI that results in an 
over/underestimation of the RO feed water fouling potential. Actual RO plants experience 
severe fouling phenomena when exploiting low fouling potential feed water (i.e. a low value 
of SDI) [9, 25, 26]. In addition, low turbidity water has been found to have high SDI value, 
which demonstrates peculiar phenomena behind the measurement. This is because the 
existence of SDI value for nanoparticles containing sample water negate the principal of the 
SDI value that essentially derives from micro particle build up (above 0.45μm based on the 
filter pore size). In this work, investigation toward the nature of SDI filtration in terms of 
particle removal, and particle concentration and size influence will be also conducted. 
The third case is the presentation of non-fouling related phenomena for SDI 
quantification. Ando [27] hypothesizes that SDI is sensitive to a slight change of a filtration 
hydrodynamic in the form of micro air bubbles. The micro air bubbles have been proven to 
exist by applying high-pressurization and degasification prior to an SDI test, which resulted 
in acceptable values. Moreover, the unexpected result was also found by having a certain 
value of SDI for UF pretreated water. Previous findings contradict the putative SDI value of 
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water that has been passed through a UF membrane (i.e., 0.02μm pore size), which is as low 
as 0, because no more particulates are present in the UF membrane [10, 12, 15, 19, 20]. In 
this work, non-fouling phenomena that are described in SDI quantification will be 
investigated. 
 
I.2 Problem Definition 
Based on the objectives above, the following question arises: Is Silt Density Index (SDI) a 
reliable tool to define the fouling propensity of reverse osmosis feed water? 
 Accordingly, this question evolves into two research questions as follows: 
RQ1: What is the effect of membrane properties on SDI measurement? 
RQ2: What is the reason behind the peculiar phenomena on SDI measurement? 
In order to answer these research questions the following areas will be investigated:  
1. Membrane properties of two commercial SDI membranes (i.e. pore size distribution, 
membrane hydrophobicity, surface charge, membrane resistance, membrane 
thickness, pore shape and surface porosity). 
2. The resulting SDI values using the two commercial membranes in accordance with 
the membrane properties. 
3. The SDI in predicting the fouling potential of feed water at the KAUST SWRO 
Plant. 
4. The particle removal during the SDI measurement. 
5. The effect of concentration and particle size on SDI. 
6. The natural organic matter (NOM) removal during SDI measurement. 
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7. The SDI value for clean water including UF pretreated feed water, RO permeate, 
deionized (DI) water and ultrapure water. 
I.3 Report Structure 
This thesis is written with the following structure: 
Chapter One presents the background and objective, as well as the defined problems for 
the present work. 
Chapter Two discusses the fundamentals of fouling tendency evaluation for reverse 
osmosis feed water. The classical fouling mechanism of microfiltration membrane is briefly 
discussed in this chapter. 
Chapter Three describes the experimental methods carried out in this work that includes 
material used, experimental setup, membrane characterization and water quality 
determination methods. 
Chapter Four presents the obtained results. Furthermore, discussion of the results is also 
presented. 
Chapter Five summarizes the report with the conclusion, and several recommendations 
are presented for future work. 
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Chapter II 
Fundamentals 
 
II.1 Colloidal Fouling in Reverse Osmosis 
The operation of RO is facing persistent fouling phenomenon that challenge the integrity of 
the process system. Fouling occurrences will lead to performance loss, target product 
realization failure, and unforeseen additional cost of operation and maintenance (e.g., such 
chemical cleaning and membrane module replacement) [8]. Critical fouling occurrences on 
RO membrane include scaling, particulate fouling, organic fouling and biofouling [6, 7]. 
Organic deposits, iron oxide, silica and aluminum oxide are attributed to more than 70% of 
the deposits discovered in membrane autopsies [28]. Therefore, after long period of 
membrane technologies implementation for desalination, colloidal and organic fouling 
persists as a critical phenomenon. 
 Several types of colloid matter that naturally present in seawater is presented in Table 
II.1. 
Table ‎II.1 Colloidal matters in natural waters [29] 
Colloidal matters in natural waters 
Microorganism Oils 
Biological debris Kerogen 
Polysaccharides Humic acids, lignins, tannins 
Lipoprotein Iron and manganese oxide 
Clay Calcium carbonate 
Silt Sulfur and sulfides 
 
Besides the presence of colloidal foulant, fouling propensity is also affected by some design 
and operational factors such as RO configurations, which represent module design options 
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(i.e. hollow fiber, tubular or spiral wound). The configurations correspond to different 
fouling criteria. Membrane material described as hydrophobicity characteristic and polymer 
material (e.g., aromatic polyamide membranes, cellulose acetate membranes) exhibit different 
natures in terms of  their anti-microbial property, pH resistance, and chlorine tolerance. The 
supersaturation potential from scale and particles deposition (i.e. concentration polarization 
phenomena) affects the rate of membrane fouling. In addition,  the water recovery level and 
source of raw water also contribute, affecting the fouling propensity in the sense of required 
pretreatment method in quantity and quality [30].   
Pretreatment: Fouling Prevention Key 
In order to mitigate the occurrence of colloidal fouling in a membrane system, proper 
pretreatment should be provided. Several methods of pretreatment correspond to specific 
removal of the particulate contaminants as shown in Table II.2. 
Monitoring the performance of pretreatment is critical because the interpretation of 
the fouling risk will affect the whole operation of a membrane system. In addition, failure in 
the determination of the fouling propensity of RO feed water jeopardizes the operation by 
letting fouling phenomena take place on the membrane system. This is the point where a 
fouling propensity prediction tool, namely fouling index, is required. This tool analyzes the 
quality of feed water in regard to fouling risk and relates the possibility of fouling occurrence 
in the actual plant membrane system. Furthermore, employing the reliable fouling index, in 
terms of accuracy and precision is highly required.  
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Table ‎II.2 Common particulate contaminants and pre-treatment methods [30] 
Contamination Fouling propensity criteria Possible Pretreatment methods 
Large particles  Screen prefiltration 
(>25μm)  Clarification 
  Media filtration 
  Cartridge filters 
Colloidal Fouling SDI>5 Media Filtration 
 SDI>4, TuB>1 NTU Coagulation-Flocculation 
  Microfiltration 
 For spiral wound modules: Ultrafiltration 
 SDI>3 Cartridge microfiltration 
 SDI>5 Pre coat filters 
 One or more: TuB>0.2 NTU; Cartridge filters 
 zeta potential <-30mV; SDI>5 UF cartridge filtration 
  Screen prefilters 
 For hollow fiber modules: Lime softening 
 SDI>5 Ion exchange softening 
 SDI>3  
 SDI>4 or SDI>5 with   
 zeta potential >-30mV  
 One or more: TuB>0.2NTU;  
 zeta potential <-30mV; SDI>4  
Colloidal fouling  Prevent exposure to  
(Fe(OH)3 or Mn(OH)3)  oxidizing agent 
  Oxidation and filtration 
  Clarification 
  Ion exchange deionization 
  Biological removal using bacteria 
  Coagulation-Flocculation (iron) 
  Softening 
Fe Total iron level in the concentrate Acid addition 
 >0.8 mg/L Lime softening 
 higher than 4mg/L (low level of  Media filtration 
 dissolved O2). Higher than 0.05 ppm Oxidation filtration 
 (high level of oxygen), pH Coagulation-Flocculation 
 Should be considered Microfiltration/Ultrafiltration 
  Cartridge filter 
  Chelating agent 
  Ion exchange water softening 
  Ion exchange deionization 
  Antiscalants 
  Biological removal using bacteria 
Al  Media filtration 
  Coagulation-Flocculation 
  Microfiltration/Ultrafiltration 
  Chelating agents 
  Ion exchange deionization 
  Antiscalant 
Mn/H2S  Oxidation/filtration 
  Avoid oxidation, to avoid 
  formation of colloidal sulphur 
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II.2 Fouling Indices for Reverse Osmosis System 
II.2.1 Silt Density Index 
Silt density index (SDI) is a tool for describing the fouling tendency of water. The test was 
introduced by the DuPont Co. in the 1970s with the initial purpose of performing quality 
control for electronic grade water [27]. Later, the test was adopted to estimate the fouling 
potential of RO pretreatment effluent and has become a standard quality control for such 
RO feed water, which is significantly important for design parameters and performance of 
RO process. The test also is a useful empirical tool to monitor the performance of RO 
pretreatment, which is performed on a routine basis in the plant. SDI procedures  have been 
standardized based on ASTM D 4189-95 (2002).  
Principle 
SDI is determined by measuring the rate of plugging of a membrane with 0.45μm in pore 
size at constant pressure (30 psi) filtration. Standard apparatus for measuring the SDI is 
shown in Figure II.1.  
 
Figure ‎II.1 Apparatus for measuring SDI described in the ASTM 
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Several data along filtration need to be recorded to perform the calculation based on the 
following equation: 
.100%
t
t
-1
T
1
T
%P
  SDI
2
130
T 





                                                   (2.1) 
%P30 indicates the plugging rate of membrane at 30psi pressure. The time parameter t1 is 
determined as the time required to collect the first 500mL filtrate. After the filtration elapses 
for T (15 minutes), the time t2 needs for collecting final 500mL of filtrate is measured. Then, 
the SDI value is calculated and presented in %/min. A schematic diagram of filtration 
representing the component of SDI calculation is shown in Figure II.2. 
 
Figure ‎II.2 Schematic diagram of filtration for SDI calculation [31] 
Parameter T often needs to be reduced from 15 to 5 or 10 minutes for a specific 
kind of water; for example, seawater, which gives a typical total plugging even before 15 
minutes of filtration. The calculation of SDI results in a standard maximum value for 
SDI(set t2 approach infinity as given by Table II.3).  
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Table ‎II.3 Silt Density Index (SDI) standard range 
T, minutes SDI, %/min 
15 0 – 6.66 
10 0 – 10 
5 0 – 20 
 
Consideration of the SDI value to predict the fouling tendency is as follows: SDI less than 1 
suggests a clean operation (without colloidal fouling) for years, several months between 
cleaning required to such feed water with SDI less than 3. Particular fouling seems to be a 
problem so that frequent cleaning is necessary for SDI 3-5, and in the case of SDI is more 
than 5, additional pretreatments are necessary. Some RO manufactures specify the 
recommended SDI value for their membrane for assurance of unconstrained operation. 
Table II.4 summarizes recommended maximum values of SDI given by RO manufacturers. 
Table ‎II.4 Recommendation of maximum SDI values by RO manufacturers [32-36] 
Manufacturer Recommended maximum SDI15 
Toyobo 4 
DOW 5 
Hydranautics 4-5 
Koch 5 
Toray 5 
 
 Based on the ASTM, an SDI method used to indicate the quantity of particulate 
matter (size bigger than 0.45μm) in water and limits the application to relatively low turbidity 
(<0.1 NTU) waters such as well water, filtered water, or clarified effluent samples. As the 
nature of particulate matter in water may vary, the ASTM indicates that the test is not an 
exact determination of the amount of matter. Moreover, it is clearly mentioned that the test 
is not relevant to measure the fouling potential of RO and UF filtrates. This 
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recommendation is not always followed in practice where pretreatment systems using 
membrane filtration are assessed with SDI testing.  
Comments to SDI 
Together with the utilization of SDI as fouling index, doubts have been raised concerning 
the reliability of SDI in regard to predicting fouling occurrences in RO systems. SDI 
calculation is not based on any filtration mechanism equation. Rearrange the equation 2.1 to 
be as follows: 
.100%
T
)
t
500
t
500
(-1
  SDI 12T
:
                                               (2.2) 
clearly demonstrates that the calculation is simply  based on a comparison between two flow 
rate at two specific times, which are at the beginning and at the end of filtration [37]. 
Combination between fouling mechanisms can be assumed to be considered in SDI 
measurement, namely cake filtration and blocking filtration, which are likely to happen in 
such a microfiltration process. The latter fouling mechanism is not expected in RO filtration. 
As a consequence of the lack of a filtration model underpinning the calculation of SDI and 
projected as a non-conservative character toward particles,  the predictability of the RO 
fouling rate is negligible and measurements cannot discriminate against  different types of 
high pressure membranes, NF and RO [38]. 
 SDI also fails to relate the quantity of colloidal matter represented in its value. SDI as 
a measurement of the fouling potential of suspended solid is unable to relate the turbidity as 
a measurement of the amount of suspended solids. Mosset [39] reported values of SDI for 
pretreated water of SDI for pre-treated Arabian Gulf seawater compared to turbidity. As 
shown in Figure II.3, an increase in turbidity may not directly be represented in SDI values. 
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Although the turbidity barely changes, the SDI has tripled. The relationship between SDI 
and the actual foulant deposition has been studied by Kremen [40] whose research 
demonstrated the geometric trend between index values with the mass of captured particles. 
Another improvement to the SDI method allows data normalization and establishes 
meaningful comparisons by utilizing the SDI75% which is the index value that extrapolated at 
exactly 75% of plugging [39]. 
 
Figure ‎II.3 SDI and turbidity of pretreated water before RO[39] 
 A common process parameter, temperature, clearly affects the SDI measurement. 
The changes of water viscosity with temperature will alter the resistance of water flow rate 
towards a membrane filter.  Standard SDI determination does not consider temperature 
normalization. Ando[27] reported, during 15 minutes filtration, at the higher temperature, 
the more permeate will plug the SDI filter membrane to reduce the flux after 15 minutes that 
gives larger SDI. Thus, values obtained at different temperatures may not be necessarily 
comparable. Alterations of temperature before and after are required to be reported along 
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with the SDI value. In seawater conditions, increasing pH at 8 or more gives more scaling 
potential of CaCO3, then more colloidal risk will appear in higher value of SDI [27].  
Different measurement practice done by operators is also affecting the reliability of 
SDI results [22]. Some recommendations toward performing a good SDI test are equipment 
flushing prior to the test, purging the air out of the apparatus to avoid the presence of air on 
the membrane surface, filter wetting for better grip to membrane holder and hand 
interaction avoidance to the membrane. Latter, the automatic system of SDI developed to 
reduce the variation of SDI. Figure II.4 shows the commercial automatic SDI instrument. 
 
Figure ‎II.4 Automatic SDI instrument  
The effect of the filter holder on SDI values has also been studied. As reported in 
[23], the filter house had a significant influence to the obtained SDI values when determining 
fouling potential of the same feed water. Walton[22] previously reported the trend of 
doubled in average SDI values between utilization of a plastic holder (polypropylene) and 
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stainless steel-made holder. The latter holder material gives higher value and within 
measurements for same feed water variability of 40-60% was found whiles the plastic holder 
displayed more consistently stable readings. 
ASTM also mentioned that the SDI will vary with the membrane filter manufacturer 
so that the values obtained with filters from different membrane manufacturers cannot be 
comparable. Three-folds different of SDI values was reported when comparing various 
hydrophilic membrane materials [39]. Significant variation on resulted SDI also found 
between the usage of hydrophilic and hydrophobic membranes. In hydrophobic surface 
membrane, interaction between particulates available in the water, such as scale nucleus, and 
hydrophobic particles with the surface of membrane that leads to narrowing pore size 
membrane and more particle rejection is happened, which represent by higher SDI value. In 
contrary, absent of this interaction in hydrophilic membrane maintain the pore size and keep 
the proper SDI value. Other properties of membrane such as pore size distribution, 
thickness, roughness of the membrane, and membrane resistance studied by Al-hadidi [24] 
resulted in significant variation between material, manufacturers even in the different batch 
of the same manufacture. 
 Furthermore, peculiar phenomena in SDI values reported from fouling tendency 
evaluation of UF filtrates. Significant value of SDI was obtained as the result of UF filtrates 
fouling risk, with the presence of insignificant particulate after intensive removal through UF 
pore size. This fact leads to the assumption that particulate foulant is not the sole parameter 
represented by SDI. Natural organic compound and non-fouling factors, such as micro air 
bubbles might be affecting SDI result [27]. 
 A step forward has recently been achieved by relating SDI to MFI (for MFI see 
section II.2.2) so that influence of pressure, temperature, and membrane resistance can be 
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taken into account as part of SDI normalization [31]. Further implementation of the 
normalization is considering the filtration mechanism to SDI and volume based SDI, which 
reflects the quality of the water throughout filtration.  
 
II.2.2 Modified Fouling Index 
Development of a new tool in defining fouling potential initiated by Schippers and Verdouw 
in 1980 when they proposed modified fouling index (MFI) [37]. The MFI derived from the 
silt density index in which the same pore size filter (0.45μm) is used at 30 psi constant 
pressure filtration. This index takes into account cake filtration mechanism as it is dominant 
in the reverse osmosis system and there is a linear relationship with the amount of particulate 
presence in water as shown in Figure II.4 [37].     
 
Figure ‎II.5 Comparison between SDI and MFI [37] 
Measurement of MFI involving equation of classical cake filtration model as follows: 
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Where t is the time [s], V is the accumulated filtrate volume [L], μ is the water viscosity 
[Pa.s], RM is clean membrane resistance [m
-1], ∆P is the transmembrane pressure [Pa], AM is 
the membrane area [m2], and I is the fouling potential index [m-2]. The MFI calculated as 
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slope of linear curve of inverse flow rate (t/V) versus accumulated volume (V) as illustrated 
in Figure II.5 and presented in unit of sec/L2.  
 
Figure ‎II.6 MFI depicts as slope (tanβ) of linear curve t/V vs. V [41] 
The filtration curve above depicts three filtration mechanisms typically involved. In 
the beginning filtration goes through a pore blocking mechanism, which is characterized by 
rapid changing in slope until it reached cake filtration that resulting in constant slope which 
eventually the increasing slope observed, describing the cake compression mechanism. The 
MFI is referring to the minimum slope value and considering only the cake filtration 
mechanism. Correction to pressure and temperature to MFI is done by linearly relating the 
tangent value to comparison of water viscosity corresponding to temperature in inversely 
proportional and the pressure applied in a proportional manner. 
 After all, MFI utilizes a filtration model that relates the concentration of foulant 
present in water, which then makes the prediction of RO fouling, is possible. Unfortunately, 
the limited consideration of cake filtration is theoretically contradicts with the possibility of 
organic particle that naturally compressible and possibly represented in the cake filtration 
with compression phase which is ignored by the MFI prediction. Also, impractical use of 
MFI is become the reason that this fouling index is not usually performed by operators in 
the field who are still interested in the fouling index, SDI. Study towards SDI and MFI done 
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by Park [42] concluded that the drawbacks of the two fouling indices in regard to smaller 
particle size (below 0.45μm) that failed to be determined and underestimated of the organic 
fouling potential in the presence of particles. Thus, developments of fouling indices are 
continuing. 
 
II.2.3 Alternative Fouling Indices 
The failure of SDI and MFI to accurately predict the fouling potential related to deposition 
of smaller than pore size presence in high salinity, attracted Hong [43] to utilize flow field-
flow fraction (Fl-FFF) to overcome the problem. The resulted Fl-FFF analyses 
demonstrated that estimation of fouling tendency of feed water with the different foulants 
and salinity level were possible to perform both qualitatively and quantitatively. 
 Alteration of filter pore size of MFI to be 0.05μm was done after practice 
observation to the existing MFI that does not correlate the colloidal fouling and conclude 
that particle below 0.45μm is probable cause to the problem [44]. Development of fouling 
indices based on pore size aiming smaller particle to be captured with utilizing smaller pore 
size membrane yielded MFI-UF that uses ultrafiltration membrane and MFI-NF in which 
nanofiltration is used [45, 46].  
 Combine fouling index (CFI) was also proposed by Choi [47] to include the 
contribution of particles, hydrophobic matters, colloids, and organics to RO/NF fouling. 
CFI is weighted factors combination of three kinds of MFI: MFI-HL which relates to the 
usage of hydrophilic microfiltration membrane, MFI-HP which corresponds to hydrophobic 
microfiltration membrane, and MFI-UF that consider hydrophilic ultrafiltration membrane. 
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 In terms of the filtration system, existing MFI-UF at constant pressure mode of 
filtration is improved by MFI-UF at constant flux. The problem was the flux in constant 
pressure is significantly higher and does not represent the actual RO system. The MFI-UF 
constant flux is anticipated to nearly mimic fouling at the membrane surface, enhance 
fouling prediction accuracy and imitate actual RO operation [48].   
 Development of MFI in regard to the hydraulic system of filtration came up with 
crossflow sampler CFS-MFI to replace dead-end filtration MFI. This method considers flux 
and crossflow velocity that mimics the character of RO filtration [49]. Comparison and 
investigation of MFI-UF constant pressure, constant flux, CFS-MFI has been studied along 
with coupled effect resulted from cake-enhanced osmotic pressure and colloidal fouling in 
RO using crossflow sampler [50-52]. 
 Unfortunately, the protocols to performing aforementioned developed fouling 
indices can be considered as impractical and complicated compare to SDI. Furthermore, 
MFI-UF, MFI-NF, and CFS-MFI are not suitable to be applying as a routine basis in such 
RO desalination plant.  
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Chapter III  
Experiment 
 
III.1 Material 
Water sample and SDI membrane are the main materials were utilized in this work in order 
to accomplish the intended investigations of the fouling indices. Water samples put into 
practical use to establish information regarding each fouling potential and quality. 
Membranes which previously analyzed their properties were used in the fouling indices 
determination as part of the experimental setup. 
Water Samples  
The water samples used are actual and model water. The actual samples originated from 
WDRC laboratory and KAUST Seawater Reverse Osmosis (SWRO) Plant. Laboratory 
supplies tap water, deionized (DI) water, RO permeate and ultrapure water for the 
experimental purposes. In addition, other kinds of water samples were taken from several 
points along pretreatment processes in KAUST SWRO Plant. In accordance to the purpose 
of the experiment, the sampling points include feed of spruce media filter (P1); spruce media 
filter effluent (P2), and cartridge filter effluent/RO feed water (P3). The earlier point 
represents raw seawater while the latter point represents pretreated water to be fed to the 
RO system. Figure III.1 shows the simplified process flow diagram of KAUST SWRO Plant 
along with designated sampling points. The annotation P1, P2, and P3 shown will be used 
throughout the report to relate corresponding sampling point definition. These water 
samples were used without any further purification.  
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 Model water was made from ultrapure water added with well-defined amount of 
particle with specific size of particle. The particle is polystyrene microparticle monodisperse 
from Sigma Aldrich. Experimental variations of the particle size used in this study are 0.1μm, 
0.5μm, 1μm, and mixture of aforementioned sizes with same portion. The variations of 
particle concentration are 0.5ppm, 1ppm, and 2ppm for each size. Thus, total variations in 
the study of particle concentration and size are 12. 
SDI Membranes 
The membranes used in this work are white disk hydrophilic microfiltration type with 
nominal pore size 0.45μm, 47mm in disk diameter that gives 13.8cm2 of filtration area. The 
membrane is commercially available to provide specific purpose as SDI membrane. In 
accordance to the purpose of the study, the comparison of membrane properties is based on 
two different membrane manufacturers. In order to distinguish the membrane, identification 
for both membranes is given by MA and MB and will be used throughout this work. Based 
on the membrane specification, MA is made from cellulose acetate, whereas MB is made 
from mixed cellulose ester.  
 
Figure ‎III.1 Simplified process flow diagram of KAUST SWRO Plant with three designated 
sampling points (P1, P2, and P3) for SDI measurement 
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III.2 Method 
III.2.1 Membrane Characterization 
The properties of the membrane give a particular performance characteristic in the filtration 
process. The comparison of the membrane material used in this study is given by several 
properties, i.e. pore size distributions, mean pore size, hydrophobicity, surface charge, 
membrane resistance, membrane thickness, pore shape and surface porosity. 
Pore Size Distribution 
Mercury porosimeter technique was used to give the pore size distribution and quantify 
mean pore size. The membrane samples were analyzed using PoreMaster from 
Quantachrome Instruments. The pore size of the membrane determined based on the 
additional energy required to intrude the non-wetting liquid (mercury) through the 
membrane pore against the surface tension of the liquid. Software calculations determined 
the pore size distribution which then presented in a graph showing the value of log 
differential of intrusion for certain pore size and quantify the value of mean pore size. 
Membrane Hydrophobicity 
Hydrophobicity of the membrane was concluded by measuring the contact angle. The 
definition of contact angle is the angle at which a liquid interface meets a surface, and the 
value depends on the hydrophobicity character of the surface. Higher value of contact angle 
represents more hydrophobic nature of the membrane and vice versa. Attension Optical 
Tensiometer from KSV Instruments was used to measure the membrane contact angle. The 
measurements started by patching the membrane to the sample plate using two-side tape 
followed by placing a drop of the liquid phase (ultra-pure water) on the membrane surface. 
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The instrument captures images of liquid-membrane interfaces, which then calculate the 
contact angle based on the particular shape shown by the liquid. The value of contact angle 
obtained used to compare the two membrane samples. 
Membrane Surface Charge 
Membrane surface charges were measured using an Electro Kinetic Analyzer SurPass from 
Anton Parr. The measurement of zeta potential conducted using a 10mM NaCl solution in 
different pH value that being adjusted accordingly using 0.1M of NaOH and 0.1M HCl. The 
measurements' result is the zeta potential of the membrane, calculated using Helmholtz-
Smoluchowski equation, as a function of pH.  
Clean Membrane Resistance 
Membrane resistance determined by performing a clean water flux experiment to the 
membrane samples. Clean water flux tested by filtration of ultra-pure water through a 
membrane sample under constant pressure. Membrane resistance (Rm) then calculated using 
Darcy's Law.  
MR
P
  J
.

                                                            (3.1) 
Where ∆P is the applied pressure, J is the flux [lmh], μ is the water viscosity, and RM is the 
clean membrane resistance. 
Membrane Thickness, Pore Shape and Porosity 
Membrane thickness, pore shape and membrane porosity determined by obtaining 
micrographs of the membrane sample using scanning electron microscope (SEM). Surface 
imaging used to determine pore shape and membrane porosity of the samples. Sample 
preparation includes sputtering the surface of the membrane with a thin layer of gold. Cross 
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section imaging use to determine the membrane thickness. Sample preparation includes 
fracturing the membrane sample in liquid nitrogen, positioning the membrane cross section 
and gold sputtering. Surface imaging of the membrane conducted using Quanta 3D FEG 
from FEI and cross section imaging of the membrane produced using FEI Nova Nano. 
Surface Imaging and Deposit Analysis 
Scanning Electron Microscope (SEM) image analysis also conducted to obtain micrographs 
of SDI membranes subsequent to water sample filtration. The resulted micrograph of the 
membrane surface then analyzed visually and chemically. Visual analysis determined the 
qualitatively existence of foulant on the surface of the membrane. In addition, chemical 
analysis conducted to the foulant deposited on the membrane using EDX (Energy-
dispersive X-ray Spectroscopy) to determine the specific element of the foulant. This EDX 
analysis covered certain limited observation area or point of interest over the membrane 
surface. 
  
III.2.2  Fouling Indices Determination 
Fouling indices, which intended to determine in this work are SDI and MFI. SDI is the main 
parameter studied, which is determined by measuring the rate of plugging of a membrane 
filter with nominal pore 0.45μm at 30 psi constant pressure filtration for certain period of 
time. In addition, MFI will be a minor addition to be compare with SDI as a developed 
practical tool to determine the fouling potential of RO feed water. 
 Membrane is a substantial material to perform the fouling index measurement. Both 
membranes MA and MB (refer to section III.1) were used in the experiment to determine 
the influence of membrane properties on SDI. For the remainder of the fouling index 
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experiments, MA was used in order to fulfill the compatibility with the rest of component of 
SDI kit. 
The SDI testing unit utilized in this work is Aike Portable Silt Density Index Tester 
from Horizon Environmental Technology Co., LTD as shown in Figure III.2. This portable 
SDI tester unit consists of a booster pump, pressure buffer tank, inlet valve, pressure 
regulator, pressure gauge, and filter holder. Graduated cylinder with minimal volume of 
500mL, stopwatch and water container(s) are required to complete the set up for SDI 
determination.  
 
Figure ‎III.2  Aike Portable Silt Density Index Tester equipped by water container, graduated 
cylinder, and stopwatch for SDI determination 
 
 
Figure ‎III.3 Laboratory set up for SDI determination 
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The laboratory setup of SDI determination is illustrated in Figure III.3. The test was 
established upon these following procedures: 
1. The equipment was properly assembled except the filter holder parts (filter plate, bolts 
and O type sealant) which kept detaching. 
2. A 47mm membrane filter (pore size 0.45μm) was placed on the filter plate using a dull 
tweezers refrained from the usage of direct hand touching. 
3. The membrane was then soaked by spattered the ultrapure water on the membrane 
followed by placed the O type rubber sealant on. 
4. The filter plate then attached to the rest of the kit by fully tightened the bolts. 
5. The water samples were standardized in terms of temperature by pre-conditioning to the 
laboratory temperature which is constant at 200C.  
6. The feed line was then connected to the water sample container. The power was turned 
on subsequently, while the outlet valve was fully opened. The flow monitored for steady 
flow condition and trapped air inside the hoses (by checking for bubbles). 
7. The pressure was monitored from pressure gauge and adjusted at 30psi by properly 
positioned the pressure regulator.  
8. The outlet valve was then shut down, and the pump was turned off. The previous steps 
specifically designated to regulate the system pressure in order to reduce the adjustment 
time while utilizing the new membrane which will generate some inaccuracy of the 
measurement. 
9. The membrane was then discarded, and a new membrane is placed into the kits in the 
same manner at the first membrane. This membrane was for SDI measurement. 
10. The outlet valve was fully open again and monitored for steady flow with no bubbles 
and pressure gauge indicating 30psi. 
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11. The time then was counted by a stopwatch as the first drop of steady-flow and no 
bubbles effluent being collected in graduate cylinder. The time for filling the first 500mL 
was then recorded and taken down as t1. 
12. The effluent water was then kept running for a standard measurement time of 15 
minutes (T), then another 500mL water sample was collected and the time required for 
filling up was taken down as t2.  
The test is completed. The inlet valve was then shut down, and the pump was turned off. 
Clean water flushing was conducted for instrument maintenance. The membrane was 
carefully collected for further imaging characterization using SEM. 
 The 15 minutes filtration time on SDI test used for whole water samples except for 
raw sweater (P1) sample. Complete membrane plugging, which indicated by no more water 
flows through the membrane, occurs before 15 minutes of filtration with raw seawater 
sample. Thus, reduction of filtration time to 5 minutes is required and the maximum SDI 
value changed accordingly. Calculation of SDI follows the equation (2.1). 
 MFI determination utilized the same apparatus as for SDI test. In addition, most of 
the steps (1 until 9) of the SDI procedure were put into practical use to determine MFI. 
Instead of taking down the time for certain filtration water throughput, comprehensive 
filtration data (time and volume) was recorded. Balance and computerized data acquisition 
system are required to accomplish the objective.  The value MFI then calculated based on 
equation (2.3). 
  
III.2.3 Water Quality 
The parameter categorized as water quality involved in this work are particle content, 
temperature, organic compound analysis and pH. These parameters support the analysis of 
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the resulted fouling indices in regard to understanding deeply the natural occurrences 
involved in the filtration as main part of fouling index determination.  
 The particle content of the water samples was determined by turbidity and particle 
analyzer techniques. Turbidity measurements were conducted using Hach 2100AN 
Turbiditimeter to determine the absolute value of particle content in the water samples. In 
addition, particle analyzer was used to obtain particle size distribution presents in the water 
samples. ZetaSizer Nano Series Nano-ZS from Malvern Instruments was utilized for 
evaluating the submicron particle size distribution. 
 Temperature of the water sample (feed) and the corresponding filtrate resulted from 
fouling index test were measured. As mentioned in ASTM, increment by 10C from the 
original temperature assures the accurate result of fouling index in regard to viscosity 
alteration.  Natural organic matter analysis was also conducted to the water sample (feed) 
and the filtrate in order to determine entrapment of some fraction of the organic matter 
during filtration. The TOC-V CPH Total Organic Carbon Analyzer from Shimadzu was 
used to determine DOC (dissolved organic carbon) of the water sample. The acidity (pH) 
analysis, determined using CyberScan 6000 from Eutech Instruments, of the water samples 
gives information of the water sample condition.  
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Chapter IV  
Results and Discussion 
 
IV.1 The Influence of Membrane Properties on SDI 
In this chapter, the results of the investigation towards the effect of membrane properties on 
the value of SDI will be presented.  
IV.1.1 SDI: Tap Water Case 
Two commercial membranes were used for the determination of SDI at which the 
manufacturers dedicate these membranes to be utilized for SDI measurement. Tap water 
served as the water sample which then examined its fouling potential by performing SDI. 
Repetitive measurements were performed to investigate the precision of the results.  The 
attention then focuses the results in terms of measurement reproducibility for each 
membrane type used and measurement accuracy between the two membrane types. The SDI 
result is shown in Figure IV.1. Each commercial membrane, MA and MB, determined to 
have SDI 4.43±0.39 and 3.83±0.32 respectively.  
 
Figure ‎IV.1 SDI values of tap water using different commercial SDI membranes MA and MB 
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The nature of fouling prediction through SDI is relating the fouling occurrence of 
microfiltration membrane fouling during filtration of water sample to predict fouling in RO 
system. Figure IV.2 shows the fouled SDI membrane after filtration. Existence of particulate 
foulant, which being represented by the SDI, fouled the membranes, mainly by cake build-
up on the top of membrane surface as shown by SEM micrograph of fouled membranes 
surface in Figure IV.3. Judge from the yellow color of the foulant trapped on the membrane, 
a large amount of iron presence in tap water.  
                        
Figure ‎IV.2 SDI membrane fouled after SDI measurement of laboratory tap water 
EDX analysis (given by Table IV.1) to the area shown by micrograph in Figure IV.3, 
indicate the agreement of iron (Fe) as main foulant which most probably came from rusted 
metal fittings along the distribution line. Silicon (Si) element is also found as one of the 
foulant from elemental analysis, which greatly related to particulate fouling anticipated by 
measuring SDI in regards to silica. The existence of silica is naturally complex by having 
different forms which are reactive silica and polymerized silica. Reactive silica present in 
water refers to single constituent silica (SiO2) which in equilibrium with bisilicate (HSiO3
-), a 
very weak acid. Whereas, the polymerized silica consists of long chain of individual silica 
constituent that is often referred as colloidal silica. The latter type of silica is the main 
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concern in regard to colloidal fouling since the removal is typically done by size exclusion 
filtration. In contrast, reactive silica is in form of ionic equilibrium which typically employs 
ion exchanger to pursue its removal. Thus, Si element that captured in the EDX result is 
mainly representation of colloidal silica. 
 
Figure ‎IV.3 SEM micrograph of fouled membrane after SDI filtration 
Table ‎IV.1 EDX elemental analysis of SEM surface shown in Figure IV.3 
MA  MB 
Element Wt% Element Wt% 
C 16.81 C 15.90 
O 40.55 O 42.3 
Mg 3.93 Mg 2.40 
Al 2.49 Al 2.41 
Ca 0.35 Ca 7.22 
Ti 0.32 Ti 0.22 
Cu 4.84 Mn 0.48 
Fe 30.27 Fe 25.29 
Si 0.46 Si 0.42 
 
The analysis also brought up some other elements such as carbon (C) and oxygen 
(O) that represent the backbone structure of the polymeric membrane, and some metal 
elements such as magnesium (Mg), aluminum (Al), titanium (Ti), calcium (Ca), manganese 
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(Mn) and copper (Cu) that might come along with the iron or with water sample. The 
weight% value provided does not represent the overall composition of the target because of 
the analysis limited to the imaging surface. After all, silicon (Si) elemental analysis will be 
designated as qualitative particulate fouling representative for the rest of the report and take 
aside some elemental findings, which might not strongly represent the fouling phenomena.  
Evidence of the imprecision results of SDI is shown by the standard deviation of 
measurements within the same type of membrane. SDI of tap water obtained using MA 
ranging from 3.96-4.80, which is implying 8.8% in standard deviation. In the same manner, 
8.22% is the standard deviation found by having 3.41-4.24 as SDI values when MB was 
used. This observation illustrates that fouling tendency determination with SDI has the 
problem with precision and reproducibility. The failure of obtaining converge results 
towards single value within measuring the same water samples might be caused by variability 
in measurement techniques and dissimilarity of properties of SDI membrane used.  
ASTM suggests that initial filtration time (t=0) should take into account to the SDI 
measurement as soon as the flow of filtration regulated properly. The flow regulation 
involves pressure adjustment (30 psi) and observation for steady stream without any 
bubbles. In fact, such flow regulation is difficult to approach immediately, which leads to 
inaccuracy of time data taken down for SDI calculation. Variability in timing for initial time 
records within repetition clearly will affect the result. In addition, the existence of bubbles 
while performing the SDI also effects by giving inaccuracy of volume reading to determine 
elapse times (t1 and t2). Membrane properties within batch and the lot of production have 
been studied and the existence of result variation is proven [24]. This phenomenon is the 
additional reason to the result imprecision.  The effect of membrane properties in SDI will 
be discussed in the following section in details. 
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Considerable differences were found in the SDI values for tap water fouling 
tendency analysis using different types of membranes. These evident to inaccuracy of 
measurement results make the test unreliable. This misleads evaluation of feed water might 
misjudge the performance of pretreatment, which then put risk of fouling to the RO 
operation. Observed variation of SDI test results correlated to the different in properties of 
the membrane used. Detailed relation between membrane properties and respective SDI test 
value will be elaborated in next section. Given the fact that the membranes used in this work 
are commercial membranes that dedicated for such a fouling index determination with the 
inaccuracy resulted from it, well defined properties of SDI membrane is strongly required. 
Applying such strict specification definitely will ensure precision and accuracy of 
measurement and reliable judgment of fouling potential can be easily achieved. 
 
IV.1.2 Properties of the SDI Membranes 
In this section, the result of SDI membrane characterization, covering pore size distribution, 
mean pore size, surface porosity, membrane thickness, membrane resistance, membrane 
hydrophobicity and membrane zeta potential, will be presented. The effect of these 
properties of membrane associated to the resulted SDI in the previous section will be 
discussed. 
Pore sizes of the membranes were characterized by mercury porosimeter to obtain 
the pore size distribution (PSD) curve and mean pore size. PSD curve of the two 
membranes variation is presented in Figure IV.4. Broad PSD curve found for both 
membranes, suggesting variation in pore size available for filtration. Mean pore size for MA 
discovered higher than MB with each value of 481nm and 563nm, respectively. Considering 
the nominal pore size of the membrane is 450nm or 0.45μm as specified in membrane 
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specification, confirm the variation between the mean pore size and its nominal value. This 
diversity of pore size in regard to particulate foulant exclusion in such filtration, affect the 
rejection absoluteness which supposedly limited to the specified pore size.  
 
Figure ‎IV.4 Pore size distribution for both SDI membranes, MA and MB 
  Surface porosity was qualitatively determined through surface imaging. SEM 
micrographs of both membranes are shown in Figure IV.5. Pores of MA are observed more 
structurally define than MB. It is also clear that surface porosity of MB is higher than MA by 
having more void (empty space) fractions along polymeric structural on the surface of the 
membrane. 
 
Figure ‎IV.5 SEM micrographs of SDI membrane surface for both SDI membranes, MA and MB 
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 SEM technique also utilized to obtain membrane cross section images, which 
determine the thickness of corresponding membranes. Micrographs of the cross sectional 
areas of both SDI membranes are shown in Figure IV.6. Membrane thicknesses of the two 
SDI membranes are 55.61μm and 193.32μm for MA and MB respectively. Structural 
observation to the membranes, both MA and MB are symmetric membranes with spongy 
structure. Specifically, for MA, additional fiber-like material incorporated with polymeric 
structure of the membrane, known as reinforcing material, is observed. The reinforced 
membrane received an additional support to the structure and typically manufactured with 
lesser thickness than full asymmetric membrane to deliver comparable strength [53].  
 
Figure ‎IV.6 SEM cross sectional micrographs for both SDI membranes, MA and MB 
 In order to relate aforementioned membrane properties to SDI values resulted by 
utilizing two different kind of membranes, a lump sum parameter should be introduced 
which incorporate pore size, surface porosity, and membrane thickness. The parameter is 
membrane resistance (Rm) which is simply measured by passing the ultra-pure water 
through the membrane and taken down the pressure different, flux and water viscosity data. 
Darcy's law then used to calculate the membrane resistance (Equation 3.1). Theoretically 
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lower membrane resistance is obtained with smaller membrane thickness, higher porosity, 
and bigger pore size. Calculated membrane resistances for MA and MB membranes are 
1.865x1010 m-1 and 2.06x1010 m-1 respectively. 
 Higher membrane resistance of MB over MA agrees with the finding that MB is 
thicker than MA. However, the trend of mean pore size and surface porosity do not support 
the tendency of membrane resistance. This can be explained by assuming the significant 
difference in membrane thickness which is more influential in determining the membrane 
resistance than a slight different in mean pore size and qualitative comparison of surface 
porosity. Lower membrane resistance allows higher flow rate passes through the membrane 
which corresponds to more foulant deliver by higher flow rate to be deposited on the 
membrane surface. In other words, lower membrane resistance is in accordance to higher 
fouling capacity/load. Moreover, since SDI measured time as a fixed variable and 
accumulated volume within the time is relying on the flow rate, fouling capacity of the 
membrane will elevate with the increasing flow rate. Therefore, SDI measured will appear 
higher. This consideration is being fulfilled by the fact that the result of SDI for MA, which 
has lower membrane resistance thus enable higher flow rate to pass through, is higher than 
MB which corresponds to higher resistance and lower flow rate. 
  
Figure ‎IV.7 Zeta Potential of SDI membranes using 10mM NaCl electrolyte solution 
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 Other membrane properties considered to be affecting the SDI measurement are 
membrane surface charge and hydrophobicity. Membrane surface charges of the SDI 
membranes in terms of zeta potential as a function of pH is shown in Figure 4.7. The zeta 
potential measured in the 10mM of NaCl electrolyte solution to include representation of 
salinity in the water sample. In general, zeta potential is approaching more negative values as 
pH increasing. Surface charge of MA is more negative compare to MB in all values of pH. 
 
Figure ‎IV.8 Contact angle of SDI membranes, MA and MB 
The results of the SDI membrane hydrophobicity, represented by the contact angle, 
are shown in Figure IV.8. Both membranes are considered hydrophilic because the values 
are below 900 which is the upper limit for hydrophilic membrane. MA (53.390) observed 
more hydrophilic than MB (62.460). The surface charge and hydrophobicity of the 
membrane surface interacts with the same properties mentioned for foulant resulting 
membrane-foulant absorptive interaction, which clearly influences the SDI. However, 
compare to dead-end hydrodynamic mode of the filtration and size exclusion mechanisms of 
membrane, the absorptive interaction might not be the determining factor influencing the 
SDI value.  
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IV.1.3 SDI: KAUST SWRO Plant Case 
In this chapter SDI will be used to determine the performance of pretreatment processes in 
KAUST SWRO Plant to provide proper RO feed water with low fouling potential. Later in 
this chapter, in situ and lab measurements will be compared to conclude the reproducibility 
of SDI determination. 
 The plant utilizes the conventional pretreatment system in terms of spruce media 
filter as the main method to preparing the RO feed water. Cartridge filter placed after spruce 
media filter to provide a final barrier for contamination to get along with the feed. Three 
sampling points were considered along the pretreatment process line. P1, P2, and P3 each 
represent seawater, spruce media filter effluent, and RO feed water respectively.  
 
Figure ‎IV.9 SDI values along pretreatment process line at KAUST SWRO Plant 
SDI analyses of the three sampling points are shown in Figure IV.9. SDI5 was 
performed to analyze P1 as the recommended choice rather than SDI15 because typically, 
filtration of a sweater through the SDI membrane stops or complete membrane plugging 
occurred even before 15 minutes. While P2 and P3, were analyzed normally by performing 
SDI15. All measurements of SDI were performed in the laboratory (ex-situ). The resulted 
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values of SDI are 16.04, 3.55, and 3.01 for P1, P2, and P3 respectively. The fouling potential, 
in terms of SDI, is reduced significantly by spruce media filter, which also provides the 
majority of particulate foulant removal as depicted by the graph. Ultimate barrier, provided 
by cartridge filter, removed minor fraction of foulant and reach to SDI value (3.01) which 
generally recommended for RO feed water.  
 Spruce media filter is the main pretreatment method that the plant relies on. The 
cartridge filter is dedicated as the ultimate barrier to avoid a disturbance in RO system when 
the spruce filter failed to perform the required work. Spruce multi-layer filter (SMF) is an 
improved mechanism of regular media filter to remove the solid matter (colloidal and 
suspended) with two methods of removal, mechanical retention and surface adsorption. 
These dual methods are allowing excellent removal by extract and retain over 99.954% of 
particle counts down to 0.2 micron without addition of polyelectrolyte or coagulant aid 
based on an independent product test. The filter bed consists of for layers of inert natural 
media that have an increasing density and a decreasing particle size. The specific shape factor 
of the media contributes significantly to simpler backwash fluidization process, with typical 
backwash water consumption only 0.1 to 1% of the forward feed without air scouring 
required also no chemical needed.  
 SEM images of the membrane surface subsequent to the test for points P1 and P3 
are provided by Figure IV.10. More deposit was found on the membrane after analyzing P1 
than on the membrane after analyzing P3. The membrane surface and fouled area can be 
differentiated easily for the latter membrane describing low foulant content in the water. The 
relative existence particulate foulant, which being represented by SDI measurement, was 
determined by surface imaging method (SEM) followed by elemental analysis using EDX to 
membrane after analyzing P1 and P3. Silica is the best representation of particulate fouling 
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that designated as the element of interest. Surface micrograph with a point of interest at 
which EDX analysis was conducted is shown in Figure IV.11.  
 
Figure ‎IV.10 SEM micrographs of membranes after measuring SDI of P1 and P3 
 
Figure ‎IV.11 SEM micrographs of membrane surface. Mark (+) is the point of EDX analysis 
 Based on partial spectra of EDX result, shown in Figure IV.12, Si fraction was found 
at the reduced level on membrane P3 compared to deposit on membrane P1. This Si 
element analysis result is corresponds mainly to colloidal silica that effectively removed by 
spruce filter.  
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Figure ‎IV.12 EDX spectra showing Si as representation of particulate foulant 
Besides the conclusion that spruce media filter provides proper pretreatment of 
seawater to produce RO feed water, there is another point that should be noted. During this 
experiment period, SDI results of P2 that was perform in-situ by the operator also taken 
down. In-situ analysis resulted values of SDI value below 2 at most of the time compare to 
laboratory analysis, which ended up with 3.55. Given the fact that different kit of SDI 
apparatus was used in the plant, it proven that the lack of reproducibility and accuracy due to 
the different measurement system are present. The dissimilarity of SDI values might be also 
caused by the fact that in-situ SDI were performed online whereas ex-situ SDI were 
measured after transporting the samples to the laboratory. 
 
IV.2 Assessment of SDI Measurements 
In this section, the nature of SDI measurement will be discussed to be able to obtain a clear 
concept of factors that involved in SDI quantifications.   
  
P1 P3
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IV.2.1 Particle Removal during SDI Filtration 
SDI specifically developed to assess the potential of particulate fouling of RO feed water. 
Thus, particulate removal analysis is a suitable tool to understand the role of particulate 
deposit to the membrane quantification. Particle removal study was conducted to SDI feed 
water, and SDI filtrates.      
 
Figure ‎IV.13 Particle size distribution of SDI feed and filtrate of P1 
 Particulate removal study for SDI measurement of the sweater (P1) is shown in 
Figure IV.13. Several peaks can be observed at the SDI feed water particle distribution 
curve: a peak around 100nm, another peak 450nm which is the nominal pore size, and a 
peak which belongs to the big particle size fraction. Subsequent to SDI measurement, which 
represented by SDI filtrate, big particle fraction was completely removed. Another two peaks 
replaced by a peak lay in the middle of previous two peaks, indicating partial removal of 
particle with particular corresponding size. A peak in the range of small size appears proof 
that principally, the particle removal during SDI measurements shifting the size distribution 
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curve towards small size direction. Aforementioned particle removal is corresponding to 
SDI5 value of 16.03%/min. 
 
Figure ‎IV.14 Particle size distribution of SDI feed and filtrate of P3 
Particulate removal study for SDI measurement of RO feed water (P3) is shown in 
Figure IV.14. The same trend showed in the study of P1 also found in P3. A peak at big 
particle size was completely removed. While two peaks surrounding nominal pore size of 
SDI membrane partially removed and became a single peak. Aforementioned particle 
removal is corresponding to SDI15 value of 3.2%/min and turbidity of 0.12. Sequential SDI 
filtrations were conducted. These experiments utilized the filtrate from subsequent SDI 
filtration, which is then tested its SDI value. Maximum step of sequential filtration is second 
filtration that limited by water sample required to perform the experiments.  
Interesting results from sequential SDI filtration were found. Reduction of SDI value 
occurred along original feed water, first filtrate, and finally second filtrate with specific value 
3.2, 2.2, and 1.9 respectively. Given the knowledge from the particle removal study, the 
presence of SDI values from the measurement of the filtrate are implying that the small 
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particles, below the nominal pore size of membrane, responsible to the quantification of 
SDI. However, turbidity analyses to the filtrate (<0.05) showed evidence of the insignificant 
amount of particle presence in the filtrates. This fact indicating non-particle related foulant is 
being represented by the values of SDI. Further investigation of the latter hypothesis 
continues in the next section. 
Table ‎IV.2 Sequential SDI determination of P1 
Feed Water Turbidity SDI, %/min 
Pretreated seawater, P3 0.12 3.2 
First Filtrate < 0.05 2.2 
Second Filtrate < 0.05 1.9 
 
IV.2.2 SDI: Influence of Particles Concentration and Size 
Polystyrene microparticles were used to simulate the particulate foulant in the water. Various 
concentrations and sizes of particles were utilized in this study. Experiments with different 
concentrations aimed for the trend of SDI values with different amounts of particulate 
foulants. In addition, study of particle size intended to give the critical size of particles than 
significantly influenced the quantification of SDI. Furthermore, this information will support 
assumption of fouling mechanism that occurs in SDI filtration. The result of the influence of 
particle concentration and size is given by Figure IV.15 and IV.16. 
As observed in Figure IV.15, SDI values increased with the increase of particle 
concentration for all range of particle sizes, implying more particles available to foul the 
membrane as the concentration increases. However, the factors of increment to the SDI 
values are different for each particle size. Substantial increases are observed for 0.1μm 
particles with the concentration and the increments are reducing in the sequence of 1μm, 
mixed sizes and 0.5μm. 
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Figure ‎IV.15 The influence of particle concentration on SDI 
 The difference of sensitivity given by the size of particles to SDI quantification might 
be related by the mechanism of the specific particle size to foul the membrane. At the time 
of a certain amount of particles that can significantly block the filter pores and formed a cake 
layer as a matter of fouling, increasing the concentration will be caused insignificant 
difference as shown by the trend of 0.5μm particle. On the contrary, if the amount of 
particles is not sufficient to bring about significant membrane fouling, the increasing amount 
of particles will be affecting greatly because more particles are present and ready to foul the 
membrane as shown by the trend of 0.1μm and 1μm. 
 The study of particle size on SDI is shown in Figure IV.1. At a certain 
concentrations, the 0.1μm particles give the lowest value of SDI, then increase for of 1μm, 
mixed sizes, and 0.5μm consecutively.  This trend is observed for all variations of 
concentration. In relation of 0.45μm as the nominal pore size of SDI membrane, the 0.1μm 
particle as expected, is mainly passing through the filter during filtration and left an 
insignificant quantification of SDI. Some particles may foul the membrane internally and 
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expressed by an SDI value. This fact also proofs that small particles are also responsible the 
SDI quantification (Section IV.2.1).  
 
Figure ‎IV.16 The influence of particle size on SDI 
In the case of 0.5 and 1μm particles, both fractions supposedly foul the membrane 
by cake formation with a slight possibility of internally and partially clogged the filter based 
on the nominal membrane pore size and the pore size distribution. The influence of 0.5μm 
observed more severe than 1μm particle. These phenomena can be explained by the 
character of possible cake formation on the membrane surface. Comparing both sizes, 
0.5μm particles consisted cake will form in a more compact way, with small vacant space 
between particles within the cake structure. In other words, the porosity of 0.5μm particle 
cake is lower and provides more resistance for water to flow comparing to 1μm particle 
cake. In the case of the mixture of three sizes utilized in SDI measurement, the values are 
found approaching the 0.5μm SDI values. Thus, it is clear that the 0.5μm particles play a 
significant role to the SDI quantification as they are dominating the partial and internal 
fouling before cake formation. This case can be generalized to the size that comparable or 
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close to the nominal pore size of the membrane that are expected to be expressed 
substantially in SDI measurements. 
The two studies (particle concentration and size) demonstrate that at the same 
particle concentration, the measured SDI values were varied based on the particle size used. 
The optimal values correspond to the water containing particles with size close to the SDI 
membrane pore size (0.5μm and mixed sizes). Again, this result shows the SDI limitation of 
fouling prediction of small particles or colloids, which can cause severe fouling, by 
represented it in low values. Formation of the cake on SDI membrane will also affect the 
sensitivity of the measurement by forming secondary filter with lower porosity and 
permeability than SDI membrane itself. Furthermore, the filtration mechanism becomes 
more complex to comprehend when partial fouling occurs ahead of cake filtration, which is 
the most probable case with feed water containing small particles.  
 
IV.2.3 UF Pretreated Water 
UF has become a preferable method over conventional techniques as the pretreatment step 
to provide RO feed water. However, the evaluation of UF performance in regards of the RO 
feed water quality utilizing SDI draw some attention to unexpected SDI value resulted. 
Theoretically, water that passed through typical UF membrane, with pore size 
0.02μm, assumed exposed a complete rejection of particles beyond the pore size. Therefore, 
when UF filtrate introduce to SDI setup with 0.45μm membrane (approximately 20 times 
bigger) one should expect no plugging to the membrane which then leads to the value of 
SDI as low as zero in ideal case. In fact, several report of SDI assessment for such an UF 
filtrate, summarized in Table IV.3, showing that most of the time, the UF filtrate end up 
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with non-zero value of SDI with some value that even higher than conventionally pretreated 
RO feed water.  
Table ‎IV.3  Summary of SDI values of UF pretreated water 
Feed Water UF Mode SDI Reference 
Gibraltar Seawater Direct; dead-end Below 0.8 [10] 
Singapore Seawater Direct; cross-flow 0.7-3.0 [15] 
Yuhuan Seawater Direct; dead-end 1.25-3.0 [20] 
Tampa Bay Direct; cross-flow Below 2.5 [19] 
Pacific Ocean 5μm pre-filter; cross-flow 0.4-1.3 [12] 
 
Ando [27] suggest that absorption of natural organic matter (NOM) might be 
explaining the unexpected quantification of SDI from UF pretreated water. Dissolved 
organic carbon (DOC) analyses were conducted to sequential SDI of P3 i.e. P3, first filtrate, 
and second filtrate. The DOC values of 1.207, 1.177, and 1.04 mg/L respectively were 
established.  This slight removal of DOC over sequential measurements of SDI supports the 
assumption of absorption phenomena of NOM during filtration, which then quantified as 
SDI in addition to particulate foulant as main representation. 
 
IV.2.4 SDI: Clean Water 
Clean water also subjected to SDI analysis in order to accomplish the investigation of the 
nature of the test. Laboratory DI water, ultra-pure water, RO permeate, and Plant RO 
permeate were utilized for this experiment. 
 An interesting result once again showed by the resulting value of SDI. Clean water, 
low turbidity water, attributed to water that has an amount of particle. Thus, the SDI results 
of clean water are shown in Table IV.4. Therefore, the value of SDI discovered is not a 
representation of fouling related factor. Hydrodynamic factor such as micro-air bubble has 
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been studied as one of the factors unexpected high SDI of UF filtrates [27]. Pore restriction 
which leads to pore plugging, might be also responsible to the value obtained. Slight 
alteration in hydrodynamic along filtration of clean water will be overexpressed by such 
calculation of SDI, which is simply comparing time for obtaining defined volume of water. 
Thus, SDI is not an appropriate tool to judge such clean water membrane as mentioned in 
the ASTM. 
Table ‎IV.4 Summary of SDI values for clean water experiments 
Water SDI Turbidity 
Lab DI water 2.4 0.06 
Lab ultrapure water 1.46 0.05 
Lab RO permeate 2.11 0.06 
Plant RO permeate 1.5 0.06 
  
IV.2.5 Modified Fouling Index 
Seawater (P2), RO feed water (P3), and its SDI filtrates subjected to fouling potential 
evaluation using modified fouling index. Essentially, filtration plot of inverse flow against 
accumulated volume is required for MFI determination as shown in Figure IV.17. 
Furthermore, slope of the straight line portion of the plot determined to give the value of 
MFI as summarized in Table IV.5.  
Table ‎IV.5 Summary values of MFI 
Feed Water MFI, s/L2 
P1, seawater 283.73 
P3, pretreated water  5.22 
First SDI filtrate-P3 1.03 
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Figure ‎IV.17 Plot of inverse flow against accumulated volume for MFI determination 
 Compared to SDI result that follows a fixed range, MFI value is ranging without any 
values boundaries (maximum-minimum). By having a fixed range of value, the test results 
are easily comparable to any other measurement in any place. While with broad range value 
of MFI, which is ranging up to thousand-fold, it is hard to compare and conclude the level 
of fouling tendency of the water sample. In some cases, additional measurement is required 
to observe the reduction of fouling potential of certain water sample then judge the level of 
fouling risk. In sequential experiment, SDI values are reduced by a small fraction, whereas 
the significant reduction in MFI values implies the suitable removal portion of particulate 
and organic foulants.  
 
IV.3.1 Development of Fouling Index 
SDI and MFI were mainly covered in this work, and their character was discussed 
throughout preceding sections. Summary of the benefits and drawbacks expressed by these 
two most widely used fouling indices are provided by Table IV.5.  
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Table ‎IV.6 Pros and cons of the test SDI and MFI (rewrite from [23], additional data by author 
from [24]) 
 Pros Cons 
SDI 
Simple and brief Not base on a filtration theory or model 
Standardize No relationship with foulant concentration 
Can be performed in situ Non fouling related being quantify 
Easy to compare the value Operator and procedure affect the result 
MFI 
Linear relationship with foulant More complex and more expensive than SDI 
Based in cake filtration theory Independent to pressure` 
Different fouling mechanism observed Difficult to compare the result 
Broader value range than SDI Properly indicate the removal of foulant 
SDI and MFI 
 Different hydrodynamic with RO process 
 Dead-end operation mode 
 High permeation rate 
 Insufficient accuracy and precision 
 
Given the fact that the fouling potential determination practices are still influenced 
by unreliability (lack of precision and accuracy) of current fouling indices, the improvement 
of new fouling indices is still under progress as shown in Figure IV.18. The ultimate aims are 
better judgment of fouling tendency of such RO feed water as well as prediction of RO 
fouling for process optimization.  
 
 
Figure ‎IV.18 Fouling indices development timeline (redrawn from [54], additional data by author 
from [31]) 
 
 Started with SDI with its practical and cheap technique, which was later proven 
failed to relate the concentration of foulant presence in the water and unable to model the 
RO fouling because the determination is not based on any filtration mechanism. MFI came 
and improved SDI by taking into account the foulant concentration and filtration 
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mechanism to the calculation makes RO fouling modeling possible.  Improvement continues 
with applying different type of membrane, from microfiltration 0.05μm, ultrafiltration (UF) 
to nanofiltration (NF) for better particulate rejection realizing that fraction of smaller particle 
is responsible to the fouling rather than the bigger size. The developed MFI-NF was not 
successful as some organic matter fractions and some major are being rejected which 
irrelevant to the basic purpose of fouling index. Also, the utilization of nanofiltration is 
obviously required higher operational pressure. Different modes of filtration (constant 
pressure and constant flux) are applied to consider the similarity of mode applies in RO. 
Cross flow sample also utilized to approach the hydrodynamic mode as it is in RO filtration.  
 Unfortunately, these huge efforts put into development of fouling index have not 
been implemented in practical use. SDI is still the main fouling index used in most of the 
RO desalination plants. Main attractions are simple to perform, cheap and short time 
operation, simple calculation required and standardized value makes interpretation easier. 
Recently, an equation was developed by Al-hadidi [31] to relate SDI and MFI so pressure 
and temperature effect can be considered in such SDI test. Volume based SDI was also 
developed to introduce relative amount of accumulated volume for different water sample 
that found misguided in the interpretation of fouling potential [24]. 
 In order to approach a reliable fouling index for future development some following 
criteria should be taken into consideration: practical and brief operation, possible to conduct 
in situ, utilizing a filtration mechanism, reliable in terms of precision and accuracy, 
standardize value, easy and direct interpretation and hydrodynamically mimics the RO 
system for better representation of the real fouling occurrences.  
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Chapter V  
Conclusions and Recommendations 
 
V.1 Conclusions 
Assessment to Silt Density Index (SDI) as fouling propensity parameter in RO desalination 
has been done in this work, aiming to the evaluation of its reliability. 
 Variation of SDI values were obtained in correspond to the usage of different kinds 
of commercial membranes from two manufacturers. This finding indicates the low level of 
precision and accuracy of the test. The actual evident of inconsistent values for the same 
water sample are found when comparing in- situ (KAUST SWRO Plant) and laboratory 
measurements. The experimental apparatus and operational practices contribute to the 
inconsistent value of SDI. Thus, the result of SDI may be over/under estimating the fouling 
tendency which clearly jeopardizes the RO desalination process.  
 Particle size distribution analyses to the feed and filtrate of SDI gives a clearer idea of 
the nature of particle removal during the filtration test. Fraction of small particles (below 
0.45μm) is being represented in SDI quantification. The variability of that particle 
concentration and size play a significant role on SDI quantification with substantial 
representation given by particles with size close to membrane nominal pore size. Turbidity 
assisted SDI measurements established the fact that the existence of particles is not a sole 
foulant represented. Possibility of non-fouling related phenomena involved in the 
measurement also emerged. 
 Unexpected values of SDI subjected to UF filtrate gives insignificant information in 
particulate fouling tendency. Natural organic matter adsorption might be contributed to SDI 
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quantification. Furthermore, clean water analyses proven that some portion of SDI 
quantification represents non-fouling phenomena, possibly hydrodynamic alteration during 
filtration such as micro air bubble. 
 In order to overcome the reliability problem in fouling indices, development should 
be done in either improvement to the existing index or applying a new method of fouling 
estimation. The aim is to reduce the fouling occurrence in RO operation by accurately 
predicting the fouling propensity of feed water, better judgment of pretreatment 
performance, and ability to model fouling rate of RO. 
 
V.2 Recommendations 
Following are several recommendations to maintain the quality of fouling prediction using 
SDI in regard to practical and theoretical point of views. The latter part mainly dedicated for 
future works in development of SDI. 
 Meticulous practices should be applied in SDI measurement. The usage of 
membrane with absolute pore size 0.45μm is recommended to give more consistency in 
particulate removal as a fundamental principle of SDI. In terms of commercial availability of 
membrane, specific properties should be provided to avoid variability in the test result and 
lack of comparable capability between them. Standard operating procedure also plays an 
important role to provide reproducibility of the result and reduce the effect of measurement 
techniques. 
 In regard to the theoretical part, following recommendation mainly focuses on the 
future works of SDI development. Normalization of SDI measurement to the accumulated 
volume obtained during the test is required. Accumulated volume along SDI filtration time is 
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shown by Figure V.1. Different amounts of final filtrate were found for each water sample. 
Thus, normalizing the SDI test result will holistically described of the quality of water sample 
by includes the overall flow rate into the calculation in addition to flow rate at distinct 
points, initial and final test period. SDI filtration as any other filtration through low pressure 
membrane supposedly follows one of the classical type of filtrations (i.e. internal clogging, 
partial plugging, total fouling and cake deposition) as studied in Section IV.2.2. The trends of 
filtration flux during SDI measurement shown in Figure V.2. Relating the SDI filtration with 
one of the models to SDI filtration will lead the SDI to the new level which based on a 
filtration mechanism and enable fouling rate prediction of RO. 
 
Figure ‎V.1 Accumulated volume during SDI filtration 
 
Figure ‎V.2 The trends of flux during SDI measurement of different kind of water  
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